The speed at which the excitatory process spreads through a certain segment of the myocardial syncytium depends upon the orientation of the fibers in that segment to each other and to the point of origin of excitation. Spread down a strip of fibers of which the long axis is parallel to the long axis of the strip is rapid as compared with spread down a strip in which the fibers run at a right angle to the long axis of the strip. Endocardial activation is rapid, not because of the presence of Purkinje fibers, but because the subendocardial bands of myocardium form a network through which excitation can move rapidly along the long axis of the fibers. Spread across the septum in bundle-branch block and across the free wall of the left ventricle in the normally activated heart is slow because excitation is moving through fibers the long axis of which is prependicular to the advancing wave of excitation.
T HE EXISTENCE of a differential in the speed at which the excitation process spreads through the myocardium of the mammalian ventricles rests on a substantial foundation. The phenomenon of bundle-branch block attests to a slow rate of transmission across the interventricular septum. The work of Lewis and Rothschild' indicated equally slow transmission through the left ventricular wall in contrast to rapid spread through the subendocardial tissues. To account for these variable speeds of transmission the property of propagating the excitation process at a relatively rapid rate was ascribed to the Purkinje network. In recent years, the existence in the human and in the canine heart of a network of fibers sufficiently distinct morphologically to merit the name of a Purkinje system has been denied.2 However, rapid excitation of the subendocardial tissues is a physiologic phenomenon so well established that its existence is not subject to challenge even if a system of fibers specialized to that accomplishment cannot be demonstrated. PART the left ventricle in dogs produced electrocardiographic changes indicative of an alteration in the course but not in the speed of excitation of the ventricular myocardium. An exception to this general rule was encountered in an injury involving the interventricular septum at a site just below the aortic valve. These experiences led to the generalization that in the left ventricle "a lesion high on the septum apparently not only is attended by widening of the QRS complex but also it is the only lesion likely to produce this effect." In this conclusion no exception was taken to that large and convincing body of evidence which supports the existence in the upper part of the septum of a localized conducting pathway which can be interrupted by disease processes or by traumatizing procedures. But the suggestion that significant widening of the QRS complex can be produced in an acute experiment only by a lesion in this upper septal region is a departure from the commonly accepted view. If rapid subendocardial excitation is mediated by the Purkinje fibers, then destruction of these fibers should be feasible and arborization block should be the consequence. In the years which followed the publication of this initial study on subendocardial injury, the authors came to recognize the apparent inconsistency between their observations and data derived from other lines of investigation.
Interest in the problem was stimulated by the observation of certain bizarre complexes which appeared within a few minutes after Circulation, Volume l11, March, 1951 ligation of a large branch of a coronary artery in the dog ( fig. 1) . A hypothesis was advanced that these complexes might be related to arborization block which was a transient phenomenon, disappearing as injury extended from endocardium toward epicardium. When the zone of injury reached the epicardium, blocking of excitation at the margins of the lesion occurred and the bizarre complexes ascribed to anomalous excitation of islands of viable cells disappeared, to be replaced by complexes regarded as typical of an acute myocardial injury. If this explanation was valid, then reproduction of these complexes should be accomplished by a diffuse severe endocardial injury.
Repeated encounters with complexes of a similar kind in certain patients in the acute phase of myocardial infarction or pulmonary embolism heightened interest concerning the origin of such deflections .4 In attempting to reconcile these observations with earlier experiences with subendocardial injury, it was postulated that the lesions accomplished in those initial experiments were diffuse but may not have been sufficiently severe to produce complete interruption of spread through all parts of a network of fibers so intricate as the Purkinje system. The conviction that a lesion sufficient to destroy that system need not extend far beneath the endocardium was maintained by the following consideration: if spread of excitation through the Purkinje fibers is at a rapid rate whereas endocardial-epicardial spread is slow, then the specialized conducting tissue must be confined to the tissues immediately adjacent to the endocardium.
Method
Since mechanical trauma had failed to accomplish the predicated effects on spread of excitation, an attempt was made to develop a preparation wherein necrotizing agents could be applied directly to the ventricular endocardium while the remainder of the mvocardium was nourished by a coronary system perfused with a solution of physiologic nature. This, so it was reasoned, would insure production of a lesion at once diffuse, severe and limited to the suben(locardium. Strong as was the bias toward studies carried out on a heart in situ, devising a simple preparation fulfilling the requirements of the experiment did not appear feasible. Attention was turned, therefore, to the isolated perfused canine heart preparation as described originally by Langendorif. In this preparation the coronary system is profused under pressure by fluid introduced through the aorta.
Competently functioning aortic valves prevent reflux of any large amounts of the perfusate into the left ventricular cavity, and such small quantities as do enter the cavity can be aspirated through a tube introduced by way of the auriculoventricular orifice. The left ventricular cavitv, once freed of fluid, will FI(G. 1. Two strips recorded on a Sanborn Tribeam at 75 mm. per second are reproduced. In both the upper and lower strips the upper complexes are standard limb lead III. The lower complexes in the upper strip were recorded in a direct lead from the epicardium of a canine left ventricle, at a point supplied by a ligated branch of the anterior descending coronary artery. These complexes appeared about five minutes after the vessel was occluded. In the lower strip, the lower complexes were recorded in the same manner as in the upper strip. An interval of two minutes elapsed between the two records. Lead III was recorded at normal sensitivity (1 cm. = 1 mv.). Direct leads from the surface of the heart were recorded at approximatelv one-fifth normal sensitivity (N/5). remain so for a time sufficient to permit any necrotizing agent placed in the cavity to exert its effect before significant dilution occurs. Cannulation of the pulmonary artery permits diversion from the left ventricular region of perfusate expelled by the right ventricle. The single experiment in which cocaine was introduced into the right ventricle admittedly was imperfect from the technical point of view, bult certain adjustments were made and will be described in connection with the results of that particular experiment.
Electrocardiographic Technic. A Sanborn Tribeam
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electrocardiograph was used to obtain two simultaneous records on the same strip of paper. One terminal of each circuit was attached to an electrode consisting of an enameled copper wire 1.2 mm. thick from the tip of which the enamel had been removed. This tip was then immersed in the perfusing fluid, which as it escaped from the heart was collected in a glass dish. The distance between the tip of this electrode and the point at which the heart made contact with the collected perfusing fluid was approximately 15 cm. The lower one-third to one-half of the ventricular surfaces was submerged in this fluid. The other terminal of each galvanometer circuit was attached to an electrode placed at some point on the epicardium or in one of the ventricular cardium produces changes which are reflected in the electrocardiogram in marked displacement of the RS-T segment; except for their reversible character, these electrocardiographic changes are like those induced by traumatizing the epicardium by any one of a number of other methods. Hence 0.1 molar solution of potassium chloride appeared to be a solution suitable to the production of a diffuse subendocardial lesion. When a solution of this concentration failed to evoke changes suggestive of arborization block, stronger solutions FIG. 2. Records labeled with a numeral only were obtained at a camera speed of 25 mm. per second. Records labeled with a numeral and letter a were obtained at a camera speed of 75 mm. per second. 1 and la. Upper complexes were recorded with exploring electrode in left ventricular cavity and lower complexes with exploring electrode on the anterior surface of the left ventricle. 2 and 2a. Records made a few seconds after a saturated solution of potassium chloride had been introduced into the left ventricular cavity. Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode on anterior surface of right ventricle. 3 and 3a. Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode on lateral surface of left ventricle near base. 4 and 4a. Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode on anterior surface of left ventricle. Sensitivity, upper and lower complexes: N/5. cavities. These electrodes were made of a fine copper wire one end of which was fixed to a small piece of cotton. The wire was then drawn through a piece of polythene tubing, leaving only the tip of the cotton wick exposed. Only this wick touched the epicardium or endocardium. These exploring electrodes were attached to that terminal of the galvanometer at which relative positivity produced an upward deflection.
The sensitivity at which the electrocardiograph was operated was not always the same. Hence in each set of records the sensitivity is indicated.
Results
Ample evidence exists that 0.1 molar solution of potassium chloride applied to the epi-were introduced. In figure 2 are reproduced the complexes which developed when crystals of potassium chloride were sprinkled in the cavity of the left ventricle. The changes encountered in this instance differed in no significant way from those which developed in earlier experiments in which solutions of potassium chloride of varying concentrations were placed in the cavity. The essential characteristics of these complexes may be summarized as follows. In the leads from the left ventricular cavity, the QS deflection of the control record was replaced by an essentially monophasic ventricular complex consisting of a tall R wave 420 R. D. PRUITT, H. E. ESSEX, AND H. B. BURCHELL42 followed by an S-T segment which is markedly elevated. A shallow Q deflection precedes the R wave. In leads from the left ventricular surface, the changes were not so striking. A shallow Q wave present in the control record persists and is followed by a tall R wave. The total width of the QRS complex increased from approximately 0.03 second to approximately 0.065 second.
Since application of potassium chloride to the endocardial surface did not produce a widening of the QRS complex greater than that which attends bundle branch block, solutions of a more noxious nature were selected for succeeding experiments. Introduction of a saturated solution of silver nitrate and of 80 per cent solution of phenol into the left ventricular cavity was attended by electrocardiographic changes quite similar to those encountered in the experiments with potassium chloride.
Phenol and silver nitrate in the concentrations used in these experiments destroy those cells with which they come in contact. However, the depth of the lesion resulting from application of these substances appears to be approximately 1 mm. An attempt was made, therefore, to find a substance the effects of which would not be so sharply delimited by its own necrotizing action. Potassium chloride reasonably might have been such a substance, but its efficacy appeared to have been disproved by the test of experiment. Cocaine represents a class of substances peculiarly effective in interrupting transmission of excitation along nerve fibers. The possibility existed that it might prove effective in slowing or interrupting the process of myocardial excitation. Solutions of varying concentrations were used, but none proved more effective than that which contained 5 per cent cocaine. In figures 3 and 4 are reproduced electrocardiograms obtained during this series of experiments. The results are of interest in three respects: (1) Changes in the QRS complexes developed in a progressive fashion. The intermediate stages in this evolution are as significant, perhaps, from the standpoint of electrocardiographic theory and its clinical applications as the end results themselves. (2) These QRS changes were unattended by major deviations in the RS-T segment such as occurred in experiments in which noxious agents of other types were used. The restricted nature of the change in the ventricular complex rendered the results simpler and more significant.
(3) Heart block of increasing degree developed in this experiment. (See records 5 and 5a of figure 4 . See also 4 and 4a of figure 8.) If the drug exerted its effect on the junctional tissue, there is reason to believe that it would have blocked transmission through any conduction pathways located in the subendocardial tissues.
Figures 4, 5 and 6 contain records from experiments in which an incision was made across the upper portion of the left side of the interventricular septum either before or after introduction of a cocaine solution into the left ventricular cavity. When this incision was made before the cocaine was applied, the complexes recorded in leads from the left ventricular surface and from the left ventricular cavity are of a kind regarded as typical of left bundlebranch block ( fig. 5 , records 2, 2a, 3 and 3a). Following the instillation of cocaine into the left ventricular cavity, the QRS complexes recorded in leads from that cavity assumed an essentially monophasic character ( fig. 6 ). However, no appreciable increase occurred in the width of these complexes. When the experiment was conducted in the reverse order, production of the septal lesion had no significant effect on the form of the QRS complexes which had developed after application of cocaine. (See records 11, 12 and 12a, figure 4.)
Cocaine in Right Ventricle. In figures 7 and 8 are reproduced the electrocardiograms recorded in an experiment in which crystals of cocaine were introduced into the right ventricular cavity. Even though the return of perfusing solution through the coronary sinus was diverted, the right ventricular cavity filled with perfusing fluid within a few seconds. Hence, continuous aspiration of fluid from the. cavity had to be carried out. Even so, contamination of the epicardial tissues by cocainecontaining fluid may have occurred during some phase of the experiment.
The results of this experiment appear to afford a fairly close counterpart to the findings obtained on traumatization of the left ventric-4'21 42EXCITATION IN VENTRICULAR MYOCARDIUM ular endocardium. The lead from the right ventricular cavity in the control record shows a tiny upward deflection followed by a teep S wave ( fig. 8 , la). After application of cocaine, this complex is supplanted by one in which tiny R and S waves are followed by a tall broad R' deflection ( fig. 8, 2a ). In the leads from the right ventricular surface, the iS com-1. Diffuse endocardial trauma, whether accomplished by instillation of potassium chloride, silver nitrate, phenol or cocaine into the left ventricular cavity, did not produce a greater increase in the width of the QRS complex than commonly attends production of a (liserete lesion highli on the left side of the interventricular s(eptuim. Apparently such in-Fin(. 3. As tbe recording of strip) 1 l)egan, 5 cc. of at 5 per cent solution of cocaine w ere ilt roduced into the left veiitrliculat cavitv. SI ril)s 2, 3 and 4 rel:)reseuit an uninlterrupt e(l record of t hlie banges in form of complexes from a left vent ricular cavity let(l (above) and a lead from thlie tanterior surface of the left ventricle (below). Sensitivity, upper complexes: N/15; lower comIplexes: N./7.5. plex of the control recordi evolved into an rsR complex. The width of the complexes increased from 0.04 second in the control reeor(l to 0.08 second in those obtained after instillation of cocaine.
Comment
The significant features of these results may be summarized as follows: juries did not reduce the speed a-t which the exeitatory process spreads through the left vent rieular mvroeardium. The phenomenon of arborization block was not reproduced by destruction or injury of these endocardial and subendocardial tissues.
2. With impressive consistency, the form of the QRS complexes in leads from the ventricular cavities changed from an essentially monophasic negative complex to an essentially monophasic positive complex following endocardial injury with any one of the several substances used in these experiments. This change was reduced to its simplest form in the that wall bore a similar spatial relationship to the potentials set up during its excitation. Such a relationship could exist if the excitatory process were spreading through the ventricular wall, not from endocardium to epicardium as Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode on surface of right ventricle. 4 and 4a. Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode in right ventricular cavity. 5 and 5a. Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode on surface of left ventricle. Note that P-R interval in these records is 0.18 second as compared with 0.13 second in control records 1 and la. 6. Record obtained 20 minutes after 5 and 5a and at a time when crystals of cocaine were being sprinkled into the left ventricular cavity. Upper complexes: exploring electrode in left ventricular cavity. Lower complexes: exploring electrode on anterior surface of left ventricle. 7. As for 6, 10 seconds later. 8. As for 7, 10 seconds later. 9. As for 8, 10 seconds later. 10 and 10a. As for 9, 10 seconds later. 11. As for 10, but 10 minutes later and immediately before an incision was made across upper portion of ventricular septum just below the aortic valve, so disposed as to interrupt conduction through the left bundle branch. 12 and 12a. As for 11, immediately after lesion had been made on septum. Sensitivity, upper complexes: N/10; lower complexes: N/5. experiments with cocaine, in which segmental shifts were minimal. The recording of such complexes simultaneously from both the endocardial and epicardial aspects of the ventricular wall would appear to indicate that the exploring electrodes placed on either side of in the normally activated heart, but in a fashion wherein its front travels in a plane perpendicular to that of the epicardial and endocardial surfaces.
3. Both the failure to produce arborization block and the appearance of complexes para-423 doxic for endocardial-epicardial spread suggest that pathways over which ventricular excitation can spread rapidly exist in portions of the wall apart from the tissues immediately beneath the endocardium.
In an attempt to account for these findings, the following hypothesis was proposed. The speed at which the excitation process spreads through a certain segment of the myocardial syncytium depends upon the orientation of the fibers in that segment to each other and to the point of origin of excitation. Spread down a strip of fibers in which the long axis of the fibers is parallel to the long axis of the strip is rapid as compared with spread down a strip in which the fibers run at right angle to the long axis of the strip. Endocardial activation is rapid, not because of the presence of Purkinje fibers, but because the subendocardial bands of myocardium form a network through which excitation can move rapidly along the long axis of the fibers. Spread across the septum in bundle-branch block and across the free wall of the left ventricle in the normally activated heart is slow because excitation is moving through fibers the long axis of which is perpendicular to the advancing wave of excitation.
Perhaps the most substantial argument for this hypothesis may be found in a consideration of the structure of the myocardial syncytium; such a study suggests that the course FIG. 6. These electrocardiograms were recorded from the same heart and in immediate sequence to those in figure 5 . As the record of strip 1 began, 5 cc. of 5 per cent solution of cocaine were introduced into the left ventricular cavity. Strips 2, 3 and 4 represent an uninterrupted record of the changes in form of complexes in a lead from the anterior surface of the left ventricle near the apex (above) and in a lead from the left ventricular cavity (below). Strip 5 was recorded several minutes later, after crystals of cocaine had been introduced into the left ventricular cavity. The upper row of complexes represents a lead from the lateral aspect of the left ventricle near the base. The lower row was obtained from the left ventricular cavity as the exploring electrode was moved from the apex toward the base of the heart. Sensitivity, all leads: N/15. that depolarization must pursue in moving across the bridges between the fibers is much longer than a direct route down the long axis of a single fiber. For a time, the acquisition of other support for this hypothesis appeared uncertain. The experiments to be reported fail to resolve all the limitations imposed on its test-424 ing by the architecture of the heart. The results achieve significance of a degree only when integrated with data already reviewed.
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Fi(m. 7. As the recording of strip I began, crystals of cocaine were introduced into the right ventricular cavity. Strips 2, 3, 4 and 5 represent an uninterrupted record of the changes in the form of complexes in a lead from the ainterior surface of the right ventricle (above) and from the right ventricular cavity (below). Sensitivity, all leads: N/15. See also figure 8.
PART II. THE SPREAD OF EXCITATION DOWN A STRIP OF MYCOARDIUM
In this series of experiments, the objective was isolation of a strip of the Ventricular wall, except for an attachment at one end. Strips of two kinds wvere desired. In one, the long axis of all or part of the fibers should lie parallel to the long axis of the strip. In the other, the long axis of the fibers should lie at a right angle to the long axis of the strip. The excitatory proc-In the canine heart a myocardial strip, if it was to remain functioning, had to retain its arterial supply. This requirement was met more readily for strips in which the fibers ran transversely than for those made up of fibers disposed parallel to the long axis of the isolated segment.
Studies were carried out on preparations of two types. In one, a band of superficial fibers was separated from the beating heart in situ. In the other, a "full-thickness" strip of the A . I 1 . left ventricular wall was prepared in an isolated perfused heart. Because of limitations of space and because the results from both types of experiments were essentially the same, only the data from one experiment will be reported. For simplicity of description this experiment will be divided into two parts. Experiment I, Part I. A segment of the left ventricular wall in which the long axis of the epicardial fibers occupied a position parallel to the long axis of the strip was prepared on an isolated perfused heart ( fig. 9 , strip I). Both in an earlier experiment with this same preparation and in the present experiment, isolation of the heart and freeing the lateral and distal Right 13( \ ' ventricleS tII FIG. 9. Diagram of heart, left lateral view, with strips prepared as described in text under experiment I. Strip I is related to part I of that experiment and strip II to part II of that experiment. Electrocardiograms are reproduced in figures 10 and 11. margins of the strip produced no appreciable widening and only minor alterations in the form of the QRS complexes in unipolar leads from the base and the tip of the strip. Examination of record 5a in figure 10 discloses the reason for this. The complexes marked "En. 1" were recorded with the exploring electrode in contact with the endocardium at the base of the strip. These complexes have the simple QS form of a lead from the ventricular cavity. They afford evidence that excitation reached this point very early in electrical systole and in a manner differing little if any from the normal. The electrocardiographic changes which attended subsequent steps in the experiment are reproduced in figure 10 . Except for the lowest row of tracings, the records in the first column were made with the exploring electrodes at the base of the strip. In one lead, the electrode rested on the epicardial surface (Ep. 1) and in the other, on the endocardial surface (En. 1). In the second column appear the records made when the eletrodes were moved to points midway between base and tip of the strip. In the third and final column appear the records obtained when the electrodes occupied positions on the epicardium and endocardium at the tip of the strip. Records 5a and 7a were made after isolation and perfusion of the heart, but with the endocardial attachment of the strip intact. No tracings were made at this stage from a midpoint on the strip, and record 6 is a standardization. Records 12a, 13a, and 14a were made after the endocardial fibers at the base of the strip had been severed. A striking change occurred in the form of the complexes in the lead from the endocardial surface of the strip just distal to the site of the incision (En. 1). The simple QS deflections of record 5a were replaced by complexes in which a small Q wave is followed by a tall R wave. Apparently this endocardial point no longer is activated very early in electrical systole. The complexes in leads from the epicardium at the base of the strip (Ep. 1) changed in form comparatively little. The intrinsic deflection in leads from the epicardial surface at the tip of the strip (record 14a, Ep. 2) is delayed approximately 0.03 second as compared with leads from a similar point prior to severing the endocardial attachment (record 7a, Ep. 2). A similar delay appeared in the records from the endocardial surface of the tip (record 14a, En.
2).
Records 19a, 20a and 21a were made after shearing away the entire endocardial aspect of the strip. Examination of these complexes reveals that they remained essentially unchanged from those obtained from comparable points prior to removal of the endocardial fibers.
The results of this first portion of the experiment indicate that once the early arrival of the excitation process at the endocardial attachment of the strip is interrupted by a simple incision across the base of the strip, further trauma or complete removal of the endocardial tissues does not affect the form of the complexes recorded from the strip. These results are compatible with the view that when the disposition of epicardial fibers parallels the long axis of the strip, excitation moves down them as rapidly as through the underlying endocardial fibers of similar disposition. Such are the results when the long axis of fibers constituting the epicardium of the strip lies parallel to the long axis of the strip.
Before going on to part II of this experiment, attention may be directed to the fact that the lowest row of tracings in figure 10 includes two labeled 16a. One of these is made up of complexes from points 7 and 6 on strip I. The other is of particular interest because the complexes from points 1 and 2 were recorded from strip I after part II of the experiment had been completed. The absence of any change in the form of these complexes as compared with complexes recorded from similar points prior to undertaking the second portion of the experiment indicates that the preparation remained in excellent condition throughout this second stage. The exceptionally wide QRS complexes to be seen in part II were not related, therefore, to a failing preparation. Experiment I, Part II. In part II of this experiment study was made of the consequences of applying to a strip the epicardial fibers of which lay approximately at right angles to the long axis of the strip those same procedures carried out in part I. In figure 9 is reproduced a sketch of the heart in which the location of the two strips and their spatial relationship to each other are indicated. On each strip the course of the epicardial fibers is represented by the parallel lines.
The electrocardiograms recorded in part If are reproduced in figure 11 . In each set of tracings, apposite epicardial and endocardial points were explored. Point 1 lay at the base of the strip, point 2, halfway between base and tip of strip, and point 3, at the tip of the strip. Records la, 2a and 3a were made immediately after the strip was prepared. Records 6a, 7a and Sa were obtained after the endo-cardium at the base of the strip was severed from its ventricular attachment. Records 1la, 12a and 13a were made after the endocardial half of the strip had been sheared away.
Certain differences between the electrocardiograms obtained from strip II and those from FIG. 10. Electrocardiograms from part I of experiment I. For detailed description, see text. Numerals refer to points on strip I of figure 9 . Except for the standardization, all records in the illustration were made at a camera speed of 75 mm. per second. Sensitivity, all leads: N/15. strip I merit review. These differences are as follows:
1. The intrinsic deflection in complexes derived from the endocardial attachment of strip II to the left ventricle is some 0.03 second delayed as compared with complexes from the endocardial attachment of strip I. Hence delay of that deflection by a comparable interval would be anticipated in complexes recorled from more distally situated points on strip II. Such was the case with respect to complexes derived from all endocardial points up to the stage in the experiment when the endocardial half of the strip was removed (end of rowe 2 in fig. 11 ). The delay in onset of the intrinsic deflection was somewhat greater in complexes derived from an epicardial point at the tip of strip II (Ep. 3 in fig. 11 ). This variation may well have been related to the difference in orientation of epicardial fibers with respect to& the strip as a whole. fig. 10 and end of row 2 in fig. 11 ). Removal of the endocardial portion of strip I was attended by no significant changes in the electrocardiograms derived from representative points on that strip. The same measure when applied to strip II was followed by an increase of about 0.04 second in the duration of the QRS complex in a lead from the epicardium at the tip of the strip and of about 0.06 second in the lead from the under surface of the strip at its tip. Removal of the endocardial portion of the strip appears, therefore, to be the critical measure in distinguishing the responses of strips with contrasting distribution of the epicardial fibers. Examination of strip II disclosed that along its endocardial aspect ran a columna carnea made up of fibers the long axis of which was parallel to the long axis of the strip. If distinction in the performance of strips I and II depended on removal of all longitudinally disposed fibers from one of the strips, then this state was achieved only with removal of the endocardial portion of strip II. Thereupon the predicated delay in the onset of the intrinsic deflection of the QRS complexes developed in complexes recorded from the tip of the strip.
COMMENT Discussion of results well may begin with a restatement of that premise which introduced this experimental study: spread of the excitation process through the subendocardial tissues takes place at a speed rapid in comparison with transmission through the remainder of the myocardium. The irrefutable fact supporting this premise is the phenomenon of bundle-branch block. Confirmation is found in the work of Lewis pertaining to the arrival of the excitation process at several points on the epicardial and endocardial surfaces of the ventricles. Calculation of the speed at which the excitation process spread through the myocardial fibers was made on the basis of the time required for its spread across the septum from the endocardium of one ventricle to the endocardium of the other or the interval between excitation of an endocardial point and an apposite point on the epicardium. In either event, a peculiar circumstance pertained; namely, that in order to reach that apposite point excitation must proceed "across the grain" of the fibers composing that portion of the septum or free wall.
In contrast, in spreading from a point high on the septum over the endocardial aspect of a ventricle, the excitation process was proceeding "with the grain" of the myocardial fibers composing the subendocardial tissues. Hence the phenomenon of rapid subendocardial spread may be related not to a peculiar conductivity possessed by the constituent fibers but to a peculiar character of their disposition.
In the light of this proposal, certain experimental and clinical phenomena may be reviewed.
1. Experimental Subendocardial Injury. Whether produced in the heart in situ by mechanical means, or in the isolated perfused heart by chemical trauma, widespread subendocardial injury in the left ventricle of the canine heart failed to evoke slowing of ventricular excitation in excess of that which can be accomplished by a small lesion placed high on the left side of the septum. These results are difficult to reconcile with the hypothesis that rapid transmission of excitation is a property of the network of cells confined to the subendocardial tissues. If, however, the thick ridges of subendocardial muscle cells are the medium through which rapid spread of excitation is accomplished, preservation of this function in the face of traumatizing procedures applied in the experiments just cited is understandable.
2. Bundle-Branch Block. The results presented and the hypothesis proposed here are not discordant with well-established concepts pertaining to bundle-branch block. The existence in the interventricular septum of the canine heart of relatively small regions, injury to which modifies profoundly the sequence of ventricular excitation and the form of the electrocardiogram, is an established fact. On the other hand, the exact course taken by the excitation process once its normal spread through the bundle branch has been interrupted remains uncertain. This problem may be approached by a review of ideas pertaining to the course taken by excitation (a) in the normally activated heart and (b) in the presence of bundle-branch block. The term "homolateral ventricle" trill be used to designate the chamber to which the bundle is blocked.
(a) When the heart is normally activated, excitation of the left ventricle begins at a point high on the septum and spreads rapidly over the endocardial surface of that ventricle. The exact course of spread from endocardium to epicardium is not established, but the order is such that an epicardial point is activated relatively late as compared with an apposite endocardial point.1' Under such circumstances, a lead from an endocardial point reveals a deep QS deflection which is the reciprocal of an R wave recorded in a lead from an adjacent point on the epicardium.
(b) In bundle-branch block, excitation has been held to reach the endocardial aspect of the homolateral ventricle after spreading slowly across the septum from the normally activated contralateral ventricle. Thereafter spread over the endocardium occurs at the usual rapid rate, attended and succeeded by spread through the free wall of the ventricle in the ordinary fashion. As far as mechanically induced left bundle-branch block is concerned, the results reported in the present series of experiments afford no evidence incompatible with this concept of excitation.
It may be appropriate, however, to direct attention to an apparent inconsistency, the significance of which is questionable because it is derived from quantitative rather than qualitative considerations. In the normally activated heart, the QS deflection in left ventricular cavity leads consistently is of greater amplitude than the R wave recorded in leads from contiguous points on the ventricular surface. On the other hand, the S deflection which forms the final portion of complexes recorded in leads from the cavity of the left ventricle in left bundle-branch block commonly is of lesser amplitude than the final portion of the 1U wave recorded in leads from near-by points on the epicardium of the left ventricular wall. In attempting to account for this fact consideration may he given to the possibility that in certain portions of the septum, excitation may be spreading toward the cavity electrode late in the QRS interval at a time when excitation of the free wall is taking a course away from that electrode. The effects of these two processes would tend to neutralize each other at the cavity electrode but to complement each other at an epicardial electrode. Against this explanation is the improbability of appreciable portions of the septal myocardium being activated so late in the QRS interval.
An alternative explanation is that in bundlebranch block, excitation moves into the homolateral ventricle not only in the manner just described but also over more superficially disposed pathways from the contralateral ventricle. In such an event exploring electrodes within the cavity and on the surface of the homolateral ventricle would be subject to the combined effect of forces derived from endocardial-epicardial spread and of forces produced by a wavelike extension of excitation from the margins of the contralateral ventricle into the homolateral ventricle. At the epicardial electrode those forces would be of the same sign and would summate to give a large R deflection in the graphic record. At the cavity electrode, the relative negativity produced by endocardial-epicardial spread would be neutralized in part by the relative positivity induced by the wavelike extension from the contralateral ventricle. Hence the final S deflection in the cavity record would be of lesser magnitude than the R of the epicardial record.
Attention was directed to this latter possibility by results encountered in the course of experiments reported here. These results were obtained in experiments in which interventricular conduction disturbances were evoked by instillation of a traumatizing agent into a ventricular cavity. Although under these circumstances the complexes in leads from the surface of the ventricle were like those seen in bundlebranch block, the complexes in cavity leads consisted only of a broad R wave. At the same instant, distribution of potential within the electric field was such that a state of relative positivity existed at exploring electrodes on either side of the ventriculars wall. Such a distribution of potential might be encountered if endocardial-epicardial spread of excitation were replaced by a wavelike extension of excitation from the margins of the contralateral ventricle into the homolateral ventricle. Both epicardial and endocardial electrodes might then bear a similar spatial relationship to the spread of excitation through the intervening ventricular wall.
These proposals with respect to the spread of excitation in an uncomplicated bundlebranch block and in block complicated by subendocardial injury are made in a tentative fashion only. At no other point in this study is the need for further investigation so apparent a requirement before a solution of satisfying nature can be submitted.
3. Arborization Block. Under the term "arborization block" reference is made to the electrocardiographic phenomenon of QRS widening related to an intraventricular conduction disturbance other than bundle-branch block. That complexes of this type develop as a consequence of damage to a specialized conduction tissue localized to a region just beneath the endocardium has been rendered unlikely by the results obtained when traumatizing agents were placed in the ventricular cavities of isolated perfused hearts. However, complexes of strikingly similar form were recorded in experiments in which excitation moved down a strip of myocardium made up of fibers the axes of which were transverse to the long axis of the strip ( fig. 11, complexes 13a, 15a, 9a ). If such complexes develop clinically only when conditions are established simulating those of this strip experiment, the rarity of true arborization block becomes understandable.
Ventricular Strain Pattern. If the origins of the electrocardiographic changes associated with ventricular hypertrophy were established, even an attempt in passing to relate such changes and the results of these experiments would be unjustified. Since the best thinking on the problem contains much which is pure speculation,' the influence of data, however meager, may prove salutary. Attention may be directed to certain complexes in figures 3 and 7. The tracings in figure 3 were obtained in an experiment in which cocaine was introduced into the left ventricular cavity of an isolated perfused heart. As the complexes in a lead from the surface of the left ventricle evolved from a "normal" to a bundle-branch block configuration, complexes appeared in which the R wave was tall, the S-T segment slightly depressed, and the T wave inverted. These complexes look like those of the left ventricular strain pattern in precordial leads from regions overlying the left ventricle. In figure 7 are reproduced tracings obtained from a comparable experiment on the right ventricle, and here complexes of a right ventricular strain type appear.
The interesting sequences of complexes in these two experiments may represent no more than increasing degrees of interference wdith conduction through the left or the right bundle branch, affected little if at all by the concurrently developing changes in the subendocardial myocardium. Even if this is the case, these complexes reveal the many possible way stations on the course between normal conduction and complete bundle-branch block.
However interpreted, these results indicate that the origins of ventricular strain complexes could and may lie in disturbances in the spread of excitation secondary to functional or anatomic changes in subendocardially disposed tissues.
CONCLUSIONS
Direct-lead electrocardiograms have been recorded on isolated perfused dogs' hearts subjected to certain injuries designed to influence the spread of the excitatory process through the ventricular myocardium. These injuries were produced by the introduction into the left or right ventricular cavity of solutions or crystals of potassium chloride, silver nitrate, phenol or cocaine.
Injuries sufficiently severe to be attended by the electrocardiographic pictures of bundlebranch block did not evoke any specific effect which might be ascribed to arborization block consequent to destruction of Purkinje fibers. As complexes typical of bundle-branch block de-,veloped in epicardial leads, the QRS complex in leads from the ventricular cavity into which the traumatizing agent had been introduced assumed an essentially monophasic character, with an R wave very similar to that recorded simultaneously from a contiguous epicardial lead. Apparently, endocardial and epicardial electrodes bore a similar spatial relationship to the spread of excitation through the intervening ventricular wall.
In an attempt to account for these findings, the hypothesis was proposed that the speed at which the excitatory process spreads through a certain segment of the myocardial syncytium depends upon the orientation of the fibers in that segment to each other and to the point of origin of excitation.
Testing of this hypothesis was undertaken by isolation of a segment of the ventricular wall, except for a limited attachment at one end of the strip. The spread of excitation down this segment was studied in relation to the disposition of the fibers constituting the strip. The presence of a band of fibers the long axis of which was parallel to the long axis of the strip appeared to be essential to rapid excita-tion of the segment. Whether these fibers were epicardial or endocardial made no difference.
